In Uruguay, reforestations with Eucalyptus sp. is of fundamental importance to supply paper, pulp, and wood production. This study investigates genetic, productivity, stability, and adaptability parameters in the selection of Eucalypts grandis x Eucalyptus globulus full-sib hybrid clones. The study was conducted in a clonal test, repeated in two different soils types, in Rio Negro State, Uruguay. The population was characterized phenotypically for diameter at breast height (dbh) and genotyped for SNP markers (EuCHIP60K chip). Mean dbh was similar between sites and the genotype-environment interaction was simple. We found high genotype correlation in clone performance between environments (0.708), indicating the possibility of selecting the same clones for both study locations. Mean heritability between clones (0.724), coefficient of individual genetic variation (10.9 %), and relative variation (0.916), suggest the possibility of gains (estimated at 3.1 % for both sites together) by selecting clones with higher growth rates. A total of 15,196 SNPs were used to confirm parentage and test a genomic selection model for dbh. The predictive capacity was negative (-0.15) given the small population size (78 individuals). The most adaptable material among the tested study sites presented higher values for SNP heterozygosity. Thus, using molecular markers to identify clones responsive to environmental changes can act as a powerful tool in Eucalyptus breeding programs. The hybrid population showed greater adaptability than E. globulus for this region.
Introduction
Worldwide, reforestations with Eucalyptus sp. exceed 20 million hectares, distributed across more than 90 countries with a vast range of climates. South America produces 55 % of global production, with Brazil, Uruguay, Chile, Argentina, and Peru as the main players. Together, Asia, China, and India account for 23 % of global production, while Europe produces 7 % of the total, including Spain, Portugal, and to a lesser extent Italy. On the African continent, South Africa is the main producer with 3 % of total global production, and the remaining production is shared among countries around world with levels of less than 3 % (Resquin and Balmelli, 1999; Griffin et al., 2000; Balmelli and Resquin, 2008; Booth, 2013; Paseyro, 2015) .
In general, Eucalyptus commercial plantations have used hybrid clones due to their productive potential. The creation of new genetic combinations to exploit heterosis effects in interspecific crosses is a common objective in Eucalyptus breeding programs (Griffin et al., 2000; Grattapaglia and Kirst, 2008) . Eucalyptus grandis is known for its adaptability and stability in different environments, while E. globulus is renowned for its high-quality wood pulp. However, in Uruguay, the cultivation of E. globulus is restricted to the South-eastern region as it exhibits low adaptability, susceptibility to disease, and poor growth in other areas of the country (Balmelli and Resquin, 2005) .
To select the best clones, it is necessary to evaluate several promising clones in different environments before making a final recommendation and subsequent multiplication . In most cases, interactions between genotype and environment (GxE) affect genetic gains, thus requiring the estimation of the magnitude and nature of this interaction. Although there are many methods to estimate this effect, simple GxE analysis does not provide complete and accurate information (Resende et al., 2012) . Selections performed using the mixed model of the harmonic mean of relative performance of genotypic value (HMRPGV) is advantageous because it classifies genotypes simultaneously by productivity, stability, and adaptability in different locations (Maia et al., 2009; Resende et al., 2012) . HMRPGV has been employed to evaluate a range of different crops, including E. grandis (Pinto Junior et al., 2006) , cashew (Maia et al., 2009) , Eucalyptus sp. , rice (Colombari Filho et al., 2013) , Eucalyptus urophyla (Pupin et al., 2015) , and cotton (Farias et al., 2016) .
Another tool that predicts genetic parameters with increased accuracy is genomic selection or Genomic Wide Prediction (GWP, Desta and Ortiz, 2014) , a methodology that integrates quantitative genetics with new genotyping technologies, such as DArT (Diversity Arrays Technology) and SNP (Single Nucleotide Polymorphisms) (Aguiar et al., 2015; . These high-density gene markers provide the theoretical basis for the GWP approach (Meuwissen et al., 2001) and can be applied to accelerate breeding cycles, increase the rate of genetic gain per unit of time, and decrease the costs associated with selecting superior genotypes (Heffner et al., 2010) . Selection based on GWP focuses on the simultaneous prediction of the genetic effects of thousands of dispersed markers in the genome, making it possible to infer large to small effects on traits for most loci, thus explaining almost all quantitative traits (Meuwissen et al., 2001; Isik, 2014) . In addition, these molecular markers support a wide range of applications, including the study of high resolution genetic maps (Bartholomé et al., 2015) , molecular diversity among species (Hudson et al., 2015) , QTL detection (Resende et al., 2017) , and inbreeding depression (Hedrick et al., 2016) .
The aims of this study were to select the best E. grandis x E. globulus clones for increased wood productivity for commercial reforestation at two sites in Uruguay. Specifically, we aim to estimate genetic parameters for diameter at breast height (dbh) to: i) select hybrid clones based on productivity, stability, and adaptability; ii) transfer the adaptability and stability capabilities of E. grandis to a population of E. grandis x E. globulus hybrids; iii) evaluate the predictive response of the GWP model and compare the results with the REML/BLUP method; and iv) use SNP marker information to confirm relatedness among clones.
Material and Methods

Clone production and testing
The crossbreeding strategy began with controlled pollination between an E. grandis mother, denominated as G50 (CSIR, South Africa), and mixed pollen collected from ten E. globulus trees (Figure 1 ). This crossing produced a F1 single-progeny compound with mixtures of half-and full-sibs. The best tree of this F1 progeny for dbh growth was cloned and identified as BBT01058 (Forestal Oriental SA, Uruguay) . This clone was used as the father (pollen donor) in a pseudo-backcrossing with E. grandis clone 678.2.1 (Forestal Oriental SA, Uruguay), producing an F2 full-sib single progeny, denominated 2162 (Myburg et al., 2003) . Approximately 6,637 seeds were obtained in the F2 progeny, but only 292 seeds (4.4 %) germinated. The seedlings were selected at the nursery stage, with weak and abnormal phenotypes discarded, resulting in only 99 seedlings that were cloned by micro-cuttings (Griffin et al., 2000) . The 99 selected clones were used to establish a clonal test in two sites with contrasting soils of the company Forestal Oriental Uruguay, in Rio Negro State, Uruguay: i) Tres Bocas (-32.7881891 S, -57.8865168 W); and ii) Algorta (-32.423335 S, -57.4606389 W) . While the soils of Algorta have better drainage than Tres Bocas, neither of the two sites are suitable for growing E. globulus. The clonal tests were established in January 2000, using an alpha lattice experimental design, with 99 treatments (clones), five replications (blocks), and one plant per plot, at a spacing of 3 x 2 m. The E. grandis clone 3523 (Forestal Oriental SA, Uruguay) was used as the control genotype. Clones were measured for dbh at 48 months after planting.
Determination of genetic parameters
Deviance analysis to detect differences between the treatments, estimate of variance components (REML), and predicted clone genetic values (BLUP) were carried out for both sites using mixed mating model 52 in the SELEGEN-REML/BLUP software (Resende, 2016) Predicted genetic gains through selection were estimated based on high selection intensity (10%), considering only ten of the 99 clones tested in both sites that presented the largest dbh, using SELEGEN-REML/BLUP software (Resende, 2016) . The selection was based on the predicted HMRPGV method for three strategies: i) selection considering mean dbh performance in the two sites, without interaction effect; ii) selection considering dbh performance of the genotypes in each site, with average interaction effect (HMPRGV); iii) simultaneous selection for production, considering stability and adaptability (HMPRGVxGM: HMPRGV multiplied by the general mean in all environments).
SNP genotyping
Leaf tissue samples were collected and 500 ng of DNA from each sample was purified using a standard CTAB DNA extraction method. The DNA samples were genotyped using Illumina Infinium technology with the Eucalyptus EuCHIP60K chip, including a total of 64,639 markers . To select SNPs, a 95% call rate was used, with a 5% Minor Allele Frequency (MAF). In addition, the Hardy-Weinberg equilibrium test was performed and loci with deviations were excluded. SNP markers were used to plot allele effects, producing a dendrogram based on both heterogeneity and genetic similarity among genotypes, which was associated with the top ten clones. In addition, a HeatMap was constructed to schematically represent the parentage coefficient (Lima, 2014) .
Predictive model for GWP
The predictive model used for the GWP analysis was the random regression-best linear unbiased prediction (rrBLUP, Meuwissen et al., 2001) , which considers marker genotypes as random effect covariates. The following linear mixed model was used to estimate the marker effects:
y is the vector of phenotypic observations; b is the vector of fixed effects; m is the vector of random effects of SNP markers; e refers to the random vector of residuals; and X and Z are the incidence matrices for b and m, respectively (Resende et al., 2012) . This model was cross validated with the leave-one-out technique, in which one individual is taken in turn for prediction and validation. In each cycle, the remaining N-1 individuals are used to estimate the parameters of the model including the SNP effects. This process was repeated N times, using a different set of individuals for estimation and a different individual for validation each time until all individuals had their phenotypes predicted. Predicted phenotypes were given as Zm. The 
Results
Clone growth, environment control, and GxE
At 48 months after establishing the trials, 78 of the 99 hybrid clones survived (78.8 %). No significant differences were observed between sites for mean dbh through deviance analysis (chi-square = 2.71, P > 0.05). The coefficient of determination of the block effects ( 2 b C ) was very low (0.043), indicating environmental homogeneity within blocks and that the alpha lattice experimental design was efficiently controlled ( Table 1 ). The GxE was also low ( 2 ge C = 0.151) and the correlation of clone growth between the two sites was high ( gloc r = 0.708), showing a simple GxE interaction.
Heritability and coefficients of variation
The mean site broad-sense individual heritability ( Table 1 ). The selective accuracy for mean clones ( c r ) was equally high (0.851), indicating a strong association between true genotypic value and measured phenotype, further supporting a highly favourable scenario for selection. The individual coefficients of genetic variation ( gi CV = 10.9 %) and experimental variation ( e CV = 11.9 %) were similar, which resulted in a high coefficient of relative variation ( r CV = 0.916). This also indicates the possibility for genetic gains by selecting clones with higher dbh growth.
Clone selection and clustering analysis
The mean clone performance ranked higher than control clone 3523 in Tres Bocas, Algorta, and both sites together for three, nine, and six clones, respectively (Table 2) . Clone 1744 was ranked first for each site and both sites together. In the simultaneous selection for productivity, stability, and adaptability using HMRPGV, only clones 1744 and 1756 ranked higher than the control clone. Clustering based on heterozygosity was associated with those clones that were ranked in the top ten for each site, both sites together, and HMRPGV ( Figure 3, Table 2 ). According to these results, the clones that show greater productivity and general adaptation can be selected, as well as some clones that present improved performance in specific environments.
SNPs
The 78 surviving clones were used for DNA extraction and subsequent analysis of Genomic Wide Prediction (GWP). After quality control with MAF, the number of SNPs was reduced from 64,639 to 15,196 (23.5 %), which were then used in the GWP analysis for the dbh trait. Clones 1778, 1770, 1744, and 1756 were grouped together as part of the same node, supporting the fact that the observed phenotypes with the best traits share similar genotyping (Figure 3 ). On the other hand, clone 1796 is completely outside the main group. The predictive capacity was expected to be low (-0.15) with no precision to predict the dbh trait (Table 3) . Kelatedness was confirmed by HeatMap analysis (Figure 2 ). In this analysis we observed that clones 1751 and 1758 are from the same genotype. 
Discussion
Clone growth and GxE
The hybrid clones showed greater rates of survival (78.8 %) than was observed for the original E. globulus population (20.4-60.6 %) in Rio Negro State (Balmelli and Resquin, 2005) . These results confirm that the hybrids show improved development and survival in that region of the country in comparison to the parental E. globulus population. In Brazil, the main component of E. urograndis hybrid clones is E. urophylla , which have enabled the expansion of plantations into previously unsuitable areas (Pupin et al., 2015) . Mean dbh was similar between Tres Bocas (16.91 cm) and Algorta (16.64 cm), but lower than the mean E. grandis control clone (3523) both in Tres Bocas (18.40 cm) and Algorta (18.64 cm). The coefficient of genotype effects and environment interaction ( 2 ge C = 0.151) was low (< 0.4, Resende et al., 1995) . The correlation between clones and the two sites was high ( gloc r = 0.708), indicating a simple interaction effect (Vencovsky and Barriga, 1992) , or that the mean dbh growth of the clones have similar ranking classification in both sites. This suggests that many clones can be selected for productivity in both environments. In addition, we also considered clone classification for productivity, stability, and adaptability (HMPRG) in comparison to the control. This allows us to evaluate hybrid improvement related to one of the parental species. In this case, the interaction was simple.
Heritability
The heritability coefficient plays a key role in the selection process because it indicates how much of the phenotypic variation is based on genetic control (Vencovsky and Barriga, 1992) . The mean site heritability between clones ( 2 c H ) was high (0.724), indicating a high degree of genetic control for dbh and a high probability of obtaining genetic gains from clone selection. This result also demonstrates the precision of the experiment, and that the number of repetitions was enough to control for environmental effects (Maia et al., 2009; Rosado et al., 2012) . Individual heritability ( 2 g H ) was median (0.367) and the selective accuracy for mean clones ( c r ) was high (0.851). With greater accuracy, the selection precision is also greater, as are the genetic gains. In the present study, high accuracy indicates a strong association between true genetic value and phenotype, which is highly favourable for selection (Table 1) .
Coefficients of variation
The coefficient of individual genetic variation ( gi CV = 10.9 %) was high (> 10 %), based on Resende (2002) . This parameter represents the fraction of total phenotypic variation that is genetic in nature (Resende, 2002) ; high values of gi CV indicate a greater possibility of obtaining genetic gains through selection. Thus, the studied population has potential to contribute to tree improvement through the selection of clones with larger dbh. Furthermore, the magnitude of accuracy for genotype selection ( c r = 0.851) and coefficient of relative variation ( r CV = 0.916) were high. The high c r indicates a strong correlation between the predicted values and real genotypic values, and a r CV similar to unity (1.0) indicates a highly favourable situation for selection and improvement of the dbh trait (Vencovsky and Barriga, 1992) . Table 2 Estimates of genetic values and gain (G) predicted for dbh for the ten best clones in Tres Bocas, Algorta, and both sites together (combined); genetic value for productivity, stability, and adaptability (HMPRGV and HMPRGVxGM) and genomic wide prediction (GWP) value for both environments. The control genotype is Eucalyptus grandis clone number 3523.
Tres Bocas
Algorta Combined 
SNP markers
The genotyping results were compared to those obtained by Silva-Junior et al. (2015) , who evaluated the EUChip60K chip for 12 Eucalyptus sp., including E. grandis and E. globulus. They obtained 30,040 SNPs for E. grandis and 19,299 for E. globulus and in both cases SNPs were from a "Species-specific cluster". While the results of the present study resemble those obtained by Silva-Junior et al. (2015) for E. globulus, it is reasonable to have a reduction in the number of markers when crossing E. globulus x E. grandis. The differences in number of loci selected here compared to the study by Silva-Junior et al. (2015) is related to the fact that the authors employed a call rate greater than 98 % and an MAF> 0.01. Furthermore, in the present study only loci in Hardy-Weinberg equilibrium were selected.
In the relatedness analysis, we can see a traceability error in that clones 1751 and 1758 are identified as the same genotype (Figure 2 ). The importance of this analysis should be highlighted as its use can avoid the mislabelling of parentage, and which consequently compromises the certification of breeding programmes that guarantee the identity of a germplasm via genotyping (Torres-Dini et al., 2011; De Vieira et al., 2013; Shanmugapriya and Yasodha, 2014) . Incorporating traditional breeding strategies with genotyping increases the level of knowledge about improvement populations, enabling a better selection of clones and preventing common errors, thus improving the effectiveness of decision-making for breeders.
Genomic wide prediction model (GWP)
Our model showed no precision to predict the dbh trait and no correlation between the rank classification of GWP and results for HMRPGV (Table 2) . These results were consistent with theoretical expectations. According to simulations carried out by Grattapaglia and Resende (2011) , for tree species it is necessary to have an improvement population of at least 1,000 individuals characterized for phenotype and genotyped; with 1,000 individuals, an accuracy of more than 0.80 was observed with high marker density. However, a population of over 2,000 individuals has little additional impact on accuracy. The results confirm the underlying assumptions of the simulations carried out by Grattapaglia and Resende (2011) . Nevertheless, these are the first results obtained by applying the GWP method in a tree genetic improvement program in Uruguay. With advances in technology and reductions in genotyping costs, new populations may be genotyped and included in this database, and subsequently more accurate results can be obtained with GWP. With wide genomic selection, breeding time can be reduced by half and the efficiency of gains can exceed 100% (Grattapaglia and Resende, 2011) . According to Grattapaglia and Resende (2011) , by reducing flowering time from 12 to three years, the gain may be greater than 300 %.
The heritability estimated from phenotypes is considered the upper limit that could be explained by the GWP model (Resende et al., 2012) . In the present study, the model captured only 37 % of genotypic heritability (Table 3 ). This result is not consistent when using all markers to estimate the model for complex traits (Meuwissen et al., 2001) . With 200 large effect markers, one can capture 80 % of the phenotypic heritability (Resende et al., 2012) . Higher percentages (around 97 %) can be achieved with only 300 to 500 markers (Resende et al., 2012) . Despite the hybrid origin of the population, which could be contributing to the high linkage disequilibrium, the effect required to capture the maximum genetic variation was not sufficient due to the number of individuals in the population. Furthermore, the number of markers and the number of individuals in genomic selection is crucial for accurate estimates of genetic parameters. Another effect that has a negative impact on transferability of genomic selection is the GxE interaction, as the GWP is specific for each population (Resende et al., 2012) . This information should be considered in future work.
Clone selection
We focused our analysis on the top ten clones with the best performance for both sites. The selection strategy was based on the following criteria: i) confirmation of parentage and identity ( Figure 2) ; ii) selection of the best clones for productivity (Table 2) ; and iii) selection of the best clones based simultaneously on productivity, stability, and adaptability (HMPRGV, Table 2 ). The hybrid population confirmed a level of relatedness close to 0.5 (Figure 2) , coinciding with the theoretical expectation for full-sibs.
A total of six clones were ranked higher than the control clone 3523 for the mean genotypic value ( ge g + + µ ), but only four (1744, 1769, 1670, 1796) obtained genetic gains greater than the control clone (Table 2) . Clone 1744 ranked in the first position and the genetic gain was estimated at 3.4 % in Tres Bocas, 4.1 % in Algorta, and 3.1 % for the two sites combined. The value of genetic gain for the control clone (3523) was 3.2, 2.8, and 2.5 %, respectively. For the top ten clones, we observed that the predicted gain is lower for the two sites together than for each site separately (Table 2 ). This suggests a better use of the effects of GxE in site selection . Clones 1744, 1769, and 1670 ranked in the top five most productive in all environments and did not suffer significant environmental effects, suggesting that these genotypes present a limited variation for the GxE interaction. Thus, these three clones are the most highly recommended for commercial reforestation in both sites. However, the simultaneous selection for productivity, stability, and adaptability using HMPRGVxGM (Resende et al., 2012) has several advantages as it considers the genotypic effects as random and provides genotypic values of stability and adaptability (not phenotypic values). This model allows us to calculate the combined genetic gains for the three attributes simultaneously. The value of HMPRGVxGM is the result of HMPRGV multiplied by the general means from both study locations and provides a genotypic mean value for the traits, which is reduced due to instability and increased due to adaptability . In the HMPRGVxGM classification, clones 1744, 1769, and 1670 appear in the top five, while clone 1756 reached second place ( Table 2) . The E. grandis control clone (3523) was ranked third in the classification. It is important to note that clones 1744 and 1756 are both ranked higher than the E. grandis control clone for HMPRGV and HMPRGVxGM. This confirms that these clones are more productive, adaptable, and stable than the E.
grandis control in a region of Uruguay where the stability and adaptability of E. globulus is problematic (Balmelli and Resquin, 2005) . Our hybrid clones have 25 % of the E. globulus genome. It would be interesting in future studies to evaluate the wood quality of these clones to determine the E. globulus traits inherited in these hybrids, such as the proportion of cellulose pulp capacities. As such, the SNP database reported in this article could be associated with new phenotypic data. Furthermore, the quantitative traits exhibited by the population may be associated with their corresponding genes through Genomic Wide Association (GWAS) and Regional Heritability Mapping (RHM) studies (Resende et al., 2017) The clustering analysis based on heterozygosity and similarity were associated with the top ten ranked clones for Tres Bocas, Algorta, the two environments together and HMPRGV (Figure 3 ). Clones that classified in the top ten for the four rankings are shown in green and clones that were in the top ten in at least in three of the four classifications are shown in yellow. An association is observed among the four rankings with some variation in order. The GxE interaction analysis also indicates that it would be possible to select some of the same clones for the two environments to increase productivity. The top ten hybrids demonstrate a productivity and adaptability similar to the E. grandis control. When the hybrid population is compared with E. globulus previously studied in Rio Negro State, Uruguay (Balmelli and Resquin, 2005) , the results for survival and adaptability exceed those of the E. globulus parents.
Finally, it is important to emphasize that the selected clones originated from a full-sib family; as such, they should be preferentially used in reforestation based on cloning, since the crossing of these clones is expected to generate inbreeding due to mating among related individuals. As the endogamy originating from mating between related individuals is equal to the coancestry coefficient among parents (Moraes et al., 2012) , which in the present case of full-sibs is 0.25, we would expect at least 25 % inbreeding in descendants of crossings between the clones suggested for selection. Inbreeding in Eucalyptus species produces inbreeding depression, resulting in mortality, infertility, among other effects, as has been well documented in the literature (Eldridge and Griffin, 1983; Costa and Silva et al., 2011; Wu et al., 2015; Hedrick et al., 2016) . However, the genotype information could be used in controlled crosses with other elite clones from unrelated populations. In such crosses, the comparison of genotypes based on SNPs will allow monitoring of the levels of homozygotes, while maintaining high levels of heterozygosity and avoiding inbreeding in the developed populations.
Conclusions
We found a genetic variation correlated with dbh that can be exploited through the highly accurate selection of clones. Genotypes 1744 Genotypes , 1796 Genotypes , 1756 Genotypes , 1670 Genotypes , 1778 , and 1769 present greater potential for commercial plantations in both studied sites due to higher productivity, stability, and adaptability. Clone 1744 is the most suitable for reforestation at both sites due to its greater genetic gain. The use of the SNP markers helped to confirm the degree of parentage between the clones, as well as provide control over clonal identity. Genotyping data based on the rrBLUP genomic selection model showed limited accuracy due to the small size of the studied population.
